abbreviatioNS DLSD = degenerative lumbar spine disorder; ICC = intraclass correlation coefficient; RMSE = root mean square error; RSA = roentgen stereophotogrammetric analysis; SI = sacroiliac. obJect Usually additional anchors into the ilium are necessary in long fusion to the sacrum for degenerative lumbar spine disorders (DLSDs), especially for adult spine deformity. Although the use of anchors is becoming quite common, surgeons must always keep in mind that the sacroiliac (SI) joint is mobile and they should be aware of the kinematic properties of the SI joint in patients with DLSDs, including adult spinal deformity. No previous study has clarified in vivo kinematic changes in the SI joint with respect to patient age, sex, or parturition status or the presence of DLSDs. The authors conducted a study to clarify the mobility and kinematic characteristics of the SI joint in patients with DLSDs in comparison with healthy volunteers by using in vivo 3D motion analysis with voxel-based registration, a highly accurate, noninvasive method. methodS Thirteen healthy volunteers (the control group) and 20 patients with DLSDs (the DLSD group) underwent low-dose 3D CT of the lumbar spine and pelvis in 3 positions (neutral, maximal trunk flexion, and maximal trunk extension). SI joint motion was calculated by computer processing of the CT images (voxel-based registration). 3D motion of the SI joint was expressed as both 6 df by Euler angles and translations on the coordinate system and a helical axis of rotation. The correlation between joint motion and the cross-sectional area of the trunk muscles was also investigated. reSultS SI joint motion during trunk flexion-extension was minute in healthy volunteers. The mean rotation angles during trunk flexion were 0.07° around the x axis, -0.02° around the y axis, and 0.16° around the z axis. The mean rotation angles during trunk extension were 0.38° around the x axis, -0.08° around the y axis, and 0.08° around the z axis. During trunk flexion-extension, the largest amount of motion occurred around the x axis. In patients with DLSDs, the mean rotation angles during trunk flexion were 0.57° around the x axis, 0.01° around the y axis, and 0.19° around the z axis. The mean rotation angles during trunk extension were 0.68° around the x axis, -0.11° around the y axis, and 0.05° around the z axis. Joint motion in patients with DLSDs was significantly greater, with greater individual difference, than in healthy volunteers. Among patients with DLSDs, women had significantly more motion than men did during trunk extension. SI joint motion was significantly negatively correlated with the cross-sectional area of the trunk muscles during both flexion and extension of the trunk. coNcluSioNS The authors elucidated the mobility and kinematic characteristics of the SI joint in patients with DLSDs compared with healthy volunteers for the first time. This information is useful for spine surgeons because of the recent increase in spinopelvic fusion for the treatment of DLSDs.
U sUally additional anchors into the ilium are necessary in long spine fusion to the sacrum for degenerative lumbar spine disorders (DLSDs), especially adult spine deformity. Many fixation techniques are available. The 2 most commonly used are iliac screws and the S-2 alar iliac method. Although the use of anchors is becoming quite common, surgeons must always keep in mind that the sacroiliac (SI) joint is mobile, and they should be aware of the kinematic properties of the SI joint in patients with DLSDs, including adult spinal deformity.
Different techniques have been used to quantify the mobility of SI joints. 4, 13, [17] [18] [19] 25 Among them, roentgen stereophotogrammetric analysis (RSA) has been viewed as the gold standard for evaluating 3D micromotion in joints. With RSA, a maximum rotation of 3.9° around a single axis has been measured, and the translation along that axis does not exceed 2 mm in the SI joint. [17] [18] [19] No previous study, however, has successfully clarified in vivo kinematic change with respect to patient age, sex, or parturition status or the presence of DLSDs, yet several researchers have speculated that SI joint motion generally decreases with aging and increases during the perinatal period.
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Therefore, it is very important to clarify the kinematic property of the SI joint in patients with DLSDs.
We have developed a motion analysis system to evaluate in vivo 3D kinematics of the spine and have already used it to report accurate kinematics of the spine, including kinematics in pathological conditions. [5] [6] [7] [8] [10] [11] [12] 15 The purpose of the study we report here is to clarify the mobility and kinematic characteristics of the SI joint in patients with DLSDs compared with healthy volunteers using in vivo 3D motion analysis using voxel-based registration, a highly accurate, noninvasive method.
methods
Study participants consisted of 13 healthy volunteers (control group: 13 men; mean age 30.0 years, age range 19-37 years) and 20 participants with degenerative lumbar spine disorders (DLSD group: 10 men, 10 women; mean age 63.1 years, age range 41-80 years). In the control group, no volunteers had low-back pain; none had referred pain from the SI joint in the buttock, groin, or lower extremity; and none had any medical history of SI joint disorder. In the DLSD group, all patients underwent spine surgery because of DLSDs. The diagnoses were as follows: 11 patients with degenerative spondylolisthesis of L-4, 1 patient with isthmic spondylolisthesis of L-4, 4 patients with lumbar canal stenosis of L4-5 due to degeneration and hypertrophy of the ligamentum flavum, 2 patients with lumbar canal stenosis of L5-S1 due to degeneration and hypertrophy of the ligamentum flavum, 1 patient with multilevel lumbar canal stenosis from L-2 to L-5 due to degeneration and hypertrophy of the ligamentum flavum, and 1 patient with lumbar canal stenosis of L4-5 due to osteoporotic vertebral collapse of L-4. In the DLSD group, all individuals had some clinical symptom in the lower extremities and/or the low back, but none showed SI joint pain during provocation tests. The institutional review board of Osaka University approved all study protocols in advance, and all participants provided written confirmation of fully informed consent.
acquisition of 3d ct images
All 33 participants underwent CT scanning of the entire lumbar spine and entire pelvis by a multidetector-row helical CT scanner (LightSpeed VCT, GE Healthcare). The scans were obtained in 3 positions, including neutral, maximal trunk flexion, and maximal trunk extension positions. Supportive devices were used to maintain the test positions (Fig. 1) . For the neutral position, the participants lay supine on the CT table. Maximal trunk flexion was the maximal active flexion. We instructed participants to arch their back as much as possible on the CT table. During scanning, supportive devices kept the back in position. Maximal trunk extension was also maximal active extension. We instruct- ed participants to make their abdomen protrude as much as possible while lying on the supportive devices. The CT slice thickness was 0.625 mm, and the tube voltage was 120 kV. The tube current was reduced to 50 mA in the neutral position and to 20 mA in the other positions to reduce x-ray exposure. The estimated x-ray exposure was 267.2 dose-length products (DLPs) and was less than that specified by the routine CT protocol for lumbar spine imaging at Osaka University Hospital. Scanning data were saved in DICOM format and transmitted to a computer workstation, where image processing was performed using the software VirtualPlace (M series, Medical Imaging Laboratory).
motion analysis
The method for motion analysis has been fully described elsewhere, with segmentation occurring first. 5, [10] [11] [12] 15 The bilateral ilia and sacrum were semiautomatically extracted from the images using the CT threshold for bone (150 HU). 3D migration of each bone was measured next. These segmented bones in the neutral position were superimposed in the other positions using the voxel-based registration method. The 3D migration of each bone was expressed as a matrix. Then the relative motion of the sacrum with respect to the ilium was calculated on the anatomical orthogonal coordinate system of the sacrum 18 ( Fig. 2 ) using original software (Orthopedic Viewer, Osaka University) developed in previous research on spine kinematics. This was expressed in 6 df by Euler angles with the sequence of pitch (X), yaw (Y), roll (Z), and translations. All SI joint motion was expressed as right SI joint motion. Left SI joint motion was transformed into mirror motion across the Y-Z plane by inverting the sign of rotation around the y axis, rotation around the z axis, and translation along the x axis to evaluate them as right SI joint motion. The SI joint motion can be visualized with 3D animations (Videos 1 and 2). In addition, a helical axis and the rotation angle around the axis were calculated to evaluate SI joint mobility as a single value. The helical axis is a unique axis in space that completely defines 3D motion of a rigid body from Position 1 to Position 2. It is analogous to the instantaneous axis of rotation for plane motion.
accuracy validation of the voxel-based registration method
We newly validated the accuracy of the voxel-based registration method for the SI joint with CT imaging of a fresh-frozen pelvis of a laboratory pig. The sacrum and right ilium were taken out of the entire spine and at least 8 tantalum bone markers with a radius of 1.0 mm were implanted into each bone, using a device containing a hollow needle with a spring-loaded piston. Subsequently, using the same scanning parameters as in humans, we obtained 9 CT scans in the following order: neutral, moderate and extreme internal/external rotation, and moderate and extreme flexion-extension of the SI joint. After segmentation, the segmented bones in the neutral position were superimposed on the other 8 positions by using voxel-based registration. The true value of each migration was obtained with marker-based registration as a baseline. Accuracy was defined as the proximity of measurements to the true value. The root mean square distance was calculated in Rx (flexion-extension), Ry (axial rotation), Rz (lateral bending), Tx (lateral translation), Ty (superoinferior translation), and Tz (anteroposterior translation) for assessment of accuracy. The accuracy was 0.00° in Rx, 0.11° in Ry, 0.03° in Rz, 0.01 mm in Tx, 0.12 mm in Ty, and 0.09 mm in Tz.
measurement of the cross-Sectional area of the trunk muscles
The cross-sectional area of the trunk muscles was also measured using CT to investigate the correlation between the SI joint motion and the cross-sectional area. First, axial images of the trunk muscles were obtained at the tip of iliac crest and both below and above the 10th slice of the level. Second, the trunk muscles, including both sides of the rectus abdominis, the oblique abdominis, the transverse abdominis, the psoas major, and the erector spinae, were segmented manually on each image (Fig. 3) . Third, the muscle area was extracted within the segmented area according to muscle density (10-80 HU) on each image. Finally, the cross-sectional area (cm 2 ) was calculated by averaging the sum of the muscle area of the 3 images. All procedures were performed using the software VirtualPlace (M series). To assess measurement reproducibility, 2 authors independently calculated the cross-sectional area of the trunk muscles for 10 volunteers in the control group twice, with 1 week elapsing between each measurement. The intraobserver and interobserver intraclass correlation coefficient (ICC) and root mean square error (RMSE) were assessed. For intraobserver reproducibility, the mean ICC and RMSE were 0.9860 and 2.82, respectively. For interobserver reproducibility, the mean ICC and RMSE were 0.9755 and 4.13, respectively.
Statistical analysis
Statistical analyses were performed using Microsoft Excel 2007 for Windows with the add-in software Statcel 2 (OMS Ltd.). The data were analyzed using the nonparametric Mann-Whitney U-test and Spearman's rank correlation coefficient, where indicated. A p value < 0.05 was considered statistically significant. Correlation analyses were performed using the Spearman rank-correlation coefficient. The ICC was calculated using SPSS for Windows (version 21.0, IBM). results motion around the anatomical coordinate System in the control group SI joint motion during trunk flexion-extension was minute in the control group (Fig. 4 and Table 1 ). The mean rotation angles during trunk flexion were 0.07° around the x axis, -0.02° around the y axis, and 0.16° around the z axis. The mean rotation angles during trunk extension were 0.38° around the x axis, -0.08° around the y axis, and 0.08° around the z axis. During trunk flexion-extension, the largest amount of motion occurred around the x axis. motion around the anatomical coordinate System in the dlSd group SI joint motion during trunk flexion-extension was also minute, but there was great individual difference in the DLSD group (Fig. 4 and Table 2 ). The mean rotation angles during trunk flexion were 0.57° around the x axis, 0.01° around the y axis, and 0.19° around the z axis. The mean rotation angles during trunk extension were 0.68° around the x axis, -0.11° around the y axis, and 0.05° around the z axis. During trunk flexion-extension, the largest amount of motion occurred around the x axis.
helical axis and motion around the axis
Although the helical axes of SI joint motion during both trunk extension and flexion were scattered among the participants, the axes tended to run posteriorly to the sacrum (Fig. 5) . Motion around the helical axis was 0.36° during trunk flexion and 0.52° during trunk extension in the control group, 0.88° during trunk flexion and 0.87° during trunk extension in men in the DLSD group, and 1.42° during trunk flexion and 1.62° during trunk extension in women in the DLSD group (Fig. 6 and Table 3 ). Members of the DLSD group had significantly more motion and greater individual difference than did those in the control group. Within the DLSD group, women had significantly more motion than men during trunk extension. matics of the joint, but only a few have been able to accurately measure the joint's in vivo motion. 4, 13, [17] [18] [19] 25 In all of those studies, rotation mainly occurred around the SI joint surface (the x axis), and translation was minute. Sturesson and colleagues measured SI joint motion with various positions, using RSA. [17] [18] [19] In all test situations, about 90% of total motion occurs around the x axis. 17 A maximum rotation around the x axis of 3.9° has been measured, and the translation along a single axis never exceeded 2 mm. When study participants changed from a supine to a prone position with the same or contralateral leg hyperextended, maximum motion occurred. Although RSA is a well-established and very accurate method, its accuracy relies on the distance between bone markers and their distribution along all 3 axes. For the SI joint, the markers could be placed only on the dorsal side of the sacrum and ilium in previous studies. They were placed close to the joint surface and tended to align collinearly or in the same plane. Because this is not necessarily the optimal 3D distribution, Cibulka questioned the usefulness of RSA for measuring SI joint motion.
1 Therefore, we used the voxel-based registration method in our study to measure SI joint motion. This is a very accurate method for measuring joint kinematics, as previously reported, [5] [6] [7] [8] [10] [11] [12] 15 and it is thought to be more suitable than RSA for measuring SI joint motion because it can fully use the morphological information of the entire bone for tracking motion, which is not the case when only tracking makers are used, as in RSA. In using voxel-based registration, we found that during trunk flexion-extension, maximum rotation occurred around the x axis, and translation along a single axis never exceeded 2 mm, a finding that is almost the same as that in previous studies that used RSA.
It is commonly assumed that the helical axis of rotation for SI joint motion would pass transversely through the S-2 vertebra such that the sacrum performs a nutation in the sagittal plane about this axis. 13 Jacob et al. 13 measured in vivo SI joint motion during trunk flexion-extension in 24 healthy volunteers using a bicamera and K wires and found that the average value for total rotation around a helical axis was low (1.7°). They also reported that the axis passes transversely near the posterior corner of the superior endplate of the sacrum. In our study, the motion during trunk flexion-extension was also minute and the axes tended to run posteriorly to the sacrum with considerable variation. This is partly because the rotational motion around the helical axis might be too small relative to the translational motion.
It has been well documented that lumbosacral fusion is associated with high rates of pseudarthrosis, despite the use of various sacral fixation techniques.
14 Tsuchiya et al. reported a good union rate and good clinical results for lumbosacral instrumented fusion augmented with iliac screws. 20 A recent cadaver study also showed that sacral screw strain is reduced by supplemental iliac screws for instrumented long spine fusions. 3 For the aforementioned reasons, in patients with DLSDs, especially adult spinal deformity, long fusion to the sacrum usually requires additional anchors into the ilium. There are many techniques available for anchoring; the 2 most commonly used involve iliac screws and S-2 alar iliac screws. Given our results with the helical axis, S-2 alar iliac screws seem to have a biomechanical advantage over iliac screws because S-2 alar iliac screws are placed farther from the helical axis of rotation (or instantaneous axis of rotation) 24 of SI joint motion than iliac screws. Although the use of anchors is becoming quite common, surgeons must always keep in mind that the SI joint is mobile, and they should be aware of the kinematic properties of the SI joint in patients with DLSDs, including adult spine deformity. Some authors have reported that iliac screw fixation is still associated with a high rate of mechanical failure. 9, 20 They speculated that the involvement of mobile joints contributed to the failure of these constructs. To our knowledge, no prior studies have analyzed the kinematic differences of the SI joint with regard to age, sex, or disease state. 13, 17, 22 Our findings clarified that during trunk flexion-extension in patients with DLSDs, including adult spine deformity, SI joint motion is significantly greater, with greater individual difference, than in healthy volunteers. In particular, women in our DLSD group had significantly more motion than did men in the group. It is generally believed that SI joint mobility is greater in women than in men and gradually decreases with aging.
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We also found a significant negative correlation between SI joint motion and the cross-sectional area of the trunk muscles. This is thought to be because trunk muscles play important role in stabilizing the SI joint. 16, 21 We have a theory regarding a possible mechanism for the increasing SI joint mobility, with great individual difference, found in our DLSD group (Fig. 8) : Most patients restricted their activities of daily living because of aging and their spine disorder. Accordingly, their trunk muscles and the range of motion of their entire lumbar spine gradually decreased. This loss of trunk muscle strength and decreasing lumbar spine range of motion might have induced an increase in shear stress on the SI joint, subsequently leading to unstable SI joints in some patients. In other patients, however, osteoarthritis predominantly occurred in the SI joint, resulting in reduced SI joint mobility mainly due to increased joint-surface friction. In addition, SI joint mobility in the DLSD group might have been caused by a complex interaction of surrounding muscles, ligaments, and osteoarthritis of the SI joints. 16, [21] [22] [23] It is quite difficult to identify a single factor that is responsible for SI joint mobility.
Our study had several limitations. First, because it was a kinematic study, it could not elucidate the etiology of SI joint pain and/or disorders. Second, to avoid the risks that radiation presents for healthy, fertile women, we did not include women in the control group. Third, the motion measured in our study might have been underestimated in comparison with actual movement because we could not measure motion with the spine under load. Despite these limitations, we believe our findings are important for spine surgeons in clinical practice because of the recent increase of spinopelvic fusion for the treatment of DLSDs. Our study represents a step toward a better understanding of kinematic change of the SI joint in patients with DLSDs.
conclusions
We elucidated the mobility and kinematic characteristics of the SI joint during trunk flexion-extension in patients with DLSDs compared with healthy volunteers for the first time. SI joint motion during trunk flexion-extension mainly occurred around the joint surface (the x axis). Joint motion in patients with DLSDs was significantly greater, with greater individual difference, than in healthy volunteers. Among patients with DLSDs, women had significantly more motion than men during trunk extension. SI joint motion was significantly negatively correlated with the cross-sectional area of the trunk muscles during both trunk flexion and extension. In view of our findings and the increased use of augmentation in lumbosacral fusion, it is imperative that surgeons have accurate knowledge of the kinematic properties of the SI joint, especially in patients with DLSDs, and that surgeons always keep in mind that the SI joint is mobile. 
